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We used functional magnetic resonance imaging (fMRI) to study neural correlates of a robust somatosensory illusion
that can dissociate tactile perception from physical stimulation. Repeated rapid stimulation at the wrist, then near the
elbow, can create the illusion of touches at intervening locations along the arm, as if a rabbit hopped along it. We
examined brain activity in humans using fMRI, with improved spatial resolution, during this version of the classic
cutaneous rabbit illusion. As compared with control stimulation at the same skin sites (but in a different order that did
not induce the illusion), illusory sequences activated contralateral primary somatosensory cortex, at a somatotopic
location corresponding to the filled-in illusory perception on the forearm. Moreover, the amplitude of this
somatosensory activation was comparable to that for veridical stimulation including the intervening position on the
arm. The illusion additionally activated areas of premotor and prefrontal cortex. These results provide direct evidence
that illusory somatosensory percepts can affect primary somatosensory cortex in a manner that corresponds
somatotopically to the illusory percept.
Citation: Blankenburg F, Ruff CC, Deichmann R, Rees G, Driver J (2006) The cutaneous rabbit illusion affects human primary sensory cortex somatotopically. PLoS Biol 4(3): e69.
Introduction
Despite much general interest in studying the neural
correlates of phenomenal perception, somatosensory per-
ception has received relative little attention relative to other
sensory modalities, such as vision. A major issue in the visual
domain has been whether primary visual cortex activity is
associated with visual awareness, as recently indicated [1,2].
Here we address an analogous issue for somatosensory cortex.
To do so we exploited a robust somatosensory illusion [3], in
combination with functional magnetic resonance imaging
(fMRI) with improved spatial resolution at 3 tesla (T) in
humans, while participants reported their phenomenal
somatosensory experiences. We took advantage of the
somatotopic nature of primary somatosensory cortex (SI),
to assess whether activation there would reﬂect the physically
stimulated locations of tactile stimuli on the skin, or instead
might mirror their phenomenally perceived location, which
differed from the physical location in the illusory situation.
The cutaneous rabbit (or somatosensory saltation) is a
classic somatosensory illusion [3], whereby repetitive and
rapid sequences of stimulation at two or more skin locations
can, under certain conditions, lead to illusions that interven-
ing space between the actual stimulation sites was stimulated
on the body, as if a rabbit hopped along successive locations.
Typically, when repeated stimulation at one site is followed
by stimulation at a second site, some of the stimuli from the
initial site are mislocalized in the direction of subsequent
stimuli, thus providing an apparent example of perceptual
postdiction [4] in the somatosensory system. Numerous
behavioral studies [3,5,6] have identiﬁed behavioral con-
straints on this phenomenal illusion and its strength, such as
the number, repetition, intensity, somatotopic location, and
separation of stimuli.
It has been speculated based on indirect, purely behavioral
grounds, that generation of the rabbit illusion may be
cortical, and might conceivably even involve SI [7]. The
illusion does not merely reﬂect peripheral interactions
between stimulated skin sites, since it can be found even
when skin areas between actual stimulation sites are
anaesthetized [8]. Moreover, it reportedly cannot be induced
across the body midline [8] without stimulation at the
midline, in apparent congruence with contralateral repre-
sentation in SI, with few if any transcallosal connections at
this level [9]. Moreover, how far the rabbit can be made to
jump along different regions of the body surface varies in
approximate accord with receptive-ﬁeld size for the corre-
sponding SI neurons [7,8]. But there has previously been no
direct evidence that the rabbit illusion can indeed affect
activity in human SI, nor that activity there reﬂects
phenomenal perceptions of where somatosensory stimuli
appear to be located, rather than their actual physical
location.
We employed a specially designed version of the cutaneous
rabbit illusion, using electrical stimulation along the forearm
as participants lay in the scanner. Sequences of stimulation
near the wrist and elbow could, with appropriate timing
parameters, lead to the illusion that this stimulation hopped
along the forearm, evoking the feeling that intervening space
along the forearm (between wrist and elbow) was stimulated
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PLoS BIOLOGYin the sequence when in fact it was not. We used fMRI at 3T,
with a custom magnetic resonance sequence to improve
spatial resolution (see below). This allowed us to resolve
somatotopic cortex for the forearm sufﬁciently to identify
differential activation for three different skin sites along the
forearm, by contrasting blocked functional localizers for
these (which we examined at both a group and individual
level). In the main experiment we assessed activation for
stimulus sequences that either did include stimulation of the
intervening skin site, or that illusorily felt as thought the
intervening site had been stimulated (when in fact it had not),
comparing both of these with control sequences that did not
induce the illusion nor stimulated the intervening skin site.
Speciﬁcally, participants were stimulated with pulse trains
that could form three distinct sequences (Figure 1). For the
veridical-rabbit sequence (Figure 1), we stimulated three
successive positions along the forearm in ascending order
from wrist to elbow (P1-P2-P3). For the critical illusory-rabbit
condition, pulses at the intervening position (P2) were
substituted for by further pulses at the wrist (P1), to produce
aP 1 - P 1 - P 3s e q u e n c e( s e eF i g u r e1 ) .I m p o r t a n t l y ,t h i s
sequence produced the illusion that pulses were felt to hop
along to the intervening location P2 before stimulation of P3
(i.e., some P1 pulses were mislocalized to P2). This made the
veridical- and the illusory-rabbit sequences equivalent phe-
nomenally, as conﬁrmed with formal behavioral comparisons
(see below). Veridical- and illusory-rabbit sequences thus
differed in terms of whether P2 was actually stimulated or
not, but did not differ in terms of whether any stimulation
was felt to originate from P2. Finally, we also included control
sequences P1-P3-P1 (Figure 1). These stimulated the same two
skin sites as for the illusory-rabbit condition (i.e., P1 and P3),
but now without inducing any illusion of stimulation at P2,
due to the changed order within the rapid sequence.
This design enabled us to test whether the pattern of
activity in somatotopic somatosensory cortex would reﬂect
the similar phenomenological percept of touch at P2 that
arose during both the illusory- and the veridical-rabbit
sequences, or instead would follow the actual physical
differences in stimulation for these conditions. We tested
this by identifying brain regions that either showed common
activity increases during both illusory- and veridical-rabbit
stimulation, relative to the phenomenologically different
control condition, or that displayed activity differences
between the two rabbit conditions, commensurate with their
physical differences. To allow somatotopic localisation of
activity within somatosensory cortex, we also ran blocked
localizer conditions, stimulating just P1, or P2, or P3 on the
arm throughout each block (see Materials and Methods). In
addition to assessing the data at a group level, we also
analyzed individually deﬁned somatotopic region of interest
(ROI), based on the P1, P2, or P3 localizers, for each
individual. Finally, in addition to examining somatosensory
cortex in detail, we also analyzed the entire brain volume for
any further differences (or commonalities) in neural activa-
tions for the illusory- and veridical-rabbit conditions. This
might reveal higher-level brain areas potentially involved in
the rabbit illusion, in addition to any activations in
somatosensory cortex itself which was our main concern.
Results
Inside the scanner, participants reported on each trial
whether they did or did not feel stimulation at the
intervening location, P2 (see Figure 1 and Materials and
Methods). The rabbit illusion was robustly induced during
scanning, with perception of P2 stimulation (despite its
physical absence) reported on 90% of the illusory-rabbit
trials. This did not differ from responses to veridical-rabbit
trials, where participants correctly reported the presence of
P2 stimulation on 93% of trials. Finally, participants correctly
reported on 87% of the control trials that P2 stimulation was
absent, conﬁrming that no illusion was generated by
stimulation of the same locations as for the illusory rabbit
but in a different order (i.e., now P1-P3-P1 instead of P1-P1-
P3; see Figure 1). Behavioral response latencies did not differ
signiﬁcantly for the veridical-rabbit (442 6 141 ms), illusory-
rabbit (440 6 150 ms), or control conditions (415 6 130 ms).
Hypothesis-driven analysis of the fMRI data sought to
identify any commonalities or differences in activation of
somatosensory cortex for the veridical-rabbit and the
illusory-rabbit conditions. Stimulation at P2 was experienced
for both of these sequences, even though P2 was not actually
stimulated for the illusory condition. We therefore ﬁrst
determined whether there were any common activity
increases within somatosensory cortex (considered as the
postcentral gyrus and parietal operculum bilaterally) for the
two rabbit conditions, relative to the control condition in
which P2 was neither felt nor stimulated. This conjunction
analysis [10] (see Materials and Methods) revealed that only
one area, in right SI (i.e., right postcentral gyrus), contrala-
teral to the stimulated arm, showed signiﬁcantly higher
activity during both the illusory- and veridical-rabbit sequen-
ces than during control sequences (Figure 2, activation shown
in orange). Seventy-ﬁve percent of this activation was
tentatively (but mechanistically) attributed to Brodmann
Area (BA) 1 of SI using a three-dimensional probabilistic
computerized cytoarchitectonic atlas, which is based on post-
mortem data in normalized space [11] (see regions marked in
gray in Figure 2, plus its legend).
Figure 1. Schematics of the Stimulus Sequences
Schematics of the stimulus sequences in the three main conditions
(veridical-rabbit, illusory-rabbit, and control). The cartoon of the forearm
schematically indicates the three different electrode positions (P1, P2,
and P3). For the veridical-rabbit condition, three pulses at P1 were
followed by three at P2 and then three at P3. The illusory-rabbit
condition used a P1-P1-P3 sequence instead, but phenomenally, this was
equivalent to the veridical-rabbit condition, with stimulation being felt
around P2 for later repetitions at P1, despite no actual stimulation at P2.
The control condition was a P1-P3-P1 sequence, thus stimulating the
same two actual sites as for the illusory-rabbit condition, but now in a
different sub-second order, which did not induce any illusion of
stimulation around P2. The nine pulses in each condition were given
in 400 ms.
DOI: 10.1371/journal.pbio.0040069.g001
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Cutaneous Illusion Affects Human SIInspection of the level of activation evoked by the different
experimental conditions in this region of SI conﬁrms that it
was indeed activated similarly and signiﬁcantly by both the
veridical-rabbit and the illusory-rabbit conditions, relative to
the control (Figure 2D). This accords with the equivalent
phenomenal percepts for the veridical- and illusory-rabbit
conditions, despite their difference in actual stimulation (i.e.,
no P2 physical stimulation for the illusory rabbit, only its
illusory perception). Note also that this joint activation by
both rabbit conditions, relative to the control sequences, was
highly speciﬁc, as we did not ﬁnd any other activated areas
within somatosensory cortex, not even when inspecting the
single contrasts of veridical rabbit versus control, or of
illusory rabbit versus control.
Having determined that the illusory rabbit activated
contralateral SI, we next compared the location of this
activation to the independently acquired somatosensory
localizer data that mapped the somatotopic skin locations
P1, P2, and P3 (see Materials and Methods). This revealed (see
Figure 3) that the location of the critical rabbit-related
activation in contralateral somatosensory cortex (Figure 2)
did indeed accord in a somatotopic fashion to the forearm
region we termed P2, which was illusorily felt in the illusory-
rabbit condition, but was actually stimulated only in the
veridical-rabbit condition. The areas within SI responding
most strongly to blocked stimulation of P1, P2 or P3 (in the
localizer session) followed the expected medial-to-lateral
topography (see Figure 3). Crucially, the region activated by
both rabbit conditions versus the control sequences (orange)
fell in the centre of the localizer activation for P2 (see Figure
3C) versus P1 and P3. As a further assessment of this, we took
the critical rabbit-activation region (see orange in Figure 2
and Figure 3) and then extracted from this same region the
mean activity produced by P1, P2, or P3 stimulation during
the separate localizer runs (see Figure 3D). This conﬁrmed a
reliably stronger response in this rabbit-related region from
the main experiment, to P2 stimulation in the separate
localizer runs than to stimulation of P3 (in 9/10 participants)
or of P1 (in 8/10 participants) in the localizers. Thus, the
experimental rabbit-related activation in contralateral soma-
tosensory cortex fell in the somatotopically appropriate
region corresponding to stimulation (or in the case of the
illusory rabbit, illusory perception) at region P2 on the
forearm (see Figure 3).
Figure 2. Common Activation for the Illusory-Rabbit and the Veridical-
Rabbit versus Control Conditions Embedded in Probabilistic Cytoarch-
itectonical Maps of BAs 3a, 3b, 1, and 2
Statistical T-maps (orange) obtained from the random-effects group
analysis for the conjunction contrast of illusory-rabbit versus control
data, and of veridical-rabbit versus the other (equivalent but independ-
ent) control dataset. The activation in right SI (peak at X ¼ 36, Y ¼  32,
Z ¼ 66, p ,0.005 for display purposes) is projected on the (A) sagittal, (B)
coronal, and (C) transverse slices of the Montreal Neurological Institute
standard brain, superimposed on gray-level-coded cytoarchitectonical
probability maps (BA 3a in very light grey, BA 3b in light grey, BA 1 in
grey, and BA 2 in deep grey), taken from Eickhoff et al. (2005). The plot
(D) shows the parameter estimates for the experimental conditions
(standard errors indicated in red), extracted from the peak of the
activation (orange) in right SI. Note that both the veridical-rabbit and the
illusory-rabbit conditions showed significantly higher activation than the
two control datasets (see Materials and Methods for why the latter were
split to allow conjunction analysis), which were equivalent, whereas the
two rabbit conditions did not differ from each other.
DOI: 10.1371/journal.pbio.0040069.g002
Figure 3. Common Activation for the Illusory-Rabbit and the Veridical-
Rabbit versus Control Conditions Embedded in the Localizer Results for
Skin-Sites P1, P2, and P3
The brain images (A, B, C) again show the common activation (random-
effects group analysis) for the veridical-rabbit and illusory-rabbit
conditions in orange (peak at X ¼ 36, Y ¼  32, Z ¼ 66), now projected
onto the differential contrasts for the localizer conditions (P1 versus P2
and P3 in bright gray, P2 versus P1 and P3 in intermediate gray, P3 versus
P1 and P2 in dark gray) within BAs 3a, 3b, 1, and 2, as defined by the
cytoarchitectonic atlas [11]. The differential activations for P1, P2, and P3
show the expected medial-to-lateral ordering for the different forearm
positions (B and C). Although there is some spread in these localizer
activations (as expected for smoothed fMRI data across a group, but see
also Figure 4), note that the critical experimental activation for the two
rabbit conditions (shown in orange here) clearly falls quite centrally
within the localizer activation that corresponds to P2 (see B and C).
Moreover, (D) plots the parameter estimates (SPM beta-values and
standard errors in red) extracted from the region that was experimentally
activated by the rabbit (orange), showing these for each of the separate
group-localizer conditions. Note the stronger response to P2 than P3 or
P1 here, as shown by the vast majority of individuals (9/10 and 8/10
respectively, see main text).
DOI: 10.1371/journal.pbio.0040069.g003
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Cutaneous Illusion Affects Human SIWe also repeated the group analysis but with considerably
less spatial smoothing (4-mm, full-width, half-maximum
[FWHM] instead of 9-mm FWHM, see Materials and Meth-
ods). The outcome (see Figure 4A and 4B) was virtually
identical in terms of spatial localization and statistical
signiﬁcance. To provide a further detailed assessment, we
also conducted single-participant ROI analyses of activity for
the experimental conditions with the reduced smoothing,
within each individual’s own cortical representations of skin
sites P1, P2, and P3, centering each ROI on participant-
speciﬁc peaks from the contrasts of their own individual
localizers (i.e., P2 versus P1-and-P3, etc; see Materials and
Methods). From each such individually deﬁned ROI (i.e.,
corresponding to P1, P2, or P3), we extracted the mean signal
(parameter estimates) during the veridical- or illusory-rabbit
conditions, relative to the control condition. This individually
deﬁned analysis (Figure 4C) revealed that both the illusory
and the veridical rabbit led to signiﬁcantly increased activity
(both p , 0.025) only in the sector of SI that responded to P2
stimulation in the individual localizers, not in the represen-
tations of skin sites P1 and P3. This single-participant analysis
thus further conﬁrms that activity in the primary cortical
representation of stimulation-site P2 (now determined
independently for each individual, from their own localizer
session) reﬂected the illusorily felt location during the rabbit
condition, rather than just the physical location of the
inducing stimuli.
In addition to hypothesis-driven analysis of somatosensory
cortex, we also examined for completeness the whole brain
volume for any further commonalities or differences in
activity elicited by the experimental conditions. Beyond
somatosensory cortex, both illusory- and veridical-rabbit
stimulations commonly elicited stronger activity than the
control condition in left inferior frontal gyrus (Figure 5).
This region thus showed similar activity increases during the
phenomenological percept of stimulation at site P2 for both
the veridical- and the illusory-rabbit conditions, relative to
the control condition, as had contralateral SI (see above).
Our whole-brain analysis also revealed some regions that
appeared more activated by the illusory rabbit than by its
veridical counterpart. Speciﬁcally, two areas in right
prefrontal (middle frontal gyrus) and right premotor
(precentral/inferior frontal gyrus) cortex were signiﬁcantly
more active during the rabbit illusion than during the
veridical-rabbit stimulation (see Figure 6). Conversely, no
Figure 4. Common Activation for the Illusory-Rabbit and the Veridical-
Rabbit versus Control Conditions with Less Spatial Smoothing
The brain images (A, B) show the common activation for the veridical-
rabbit and illusory-rabbit in yellow (p , 0.001, uncorrected), from a
group analysis using a considerably reduced smoothing kernel (4-mm
FWHM). Note that the activation elicited by both the illusory- and
veridical-rabbit (relative to the control) conditions is in virtually the
identical location within SI (peak at X¼38, Y¼ 32, Z¼68) as before (see
Figure 3), and at the same threshold. Panel C shows the outcome of
single-participant ROI analysis of the mean parameter estimates (SPM
beta-values, from the analysis with 4-mm FWHM smoothing), extracted
separately for each individual from the participant-specific locations
within SI responding maximally to stimulation at P1, P2, or P3 (relative to
the other two skin sites from these three) during the individual localizer
sessions. The bars show the signal change during illusory- (left bar in
each pair) and veridical- (right bar in each pair) rabbit, relative to the
control conditions (standard errors indicated in red), for the individually
defined cortical ROIs activated by P1, P2, or P3 stimulation (see above).
This individual analysis thus confirms that both rabbit conditions led to
significant activity increases (relative to control) only within the
individual participant-specific cortical representations of P2, but not of
P1 or P3. Thus, the rabbit-related activations corresponded to the skin
location where stimulation was illusorily felt in the critical rabbit
condition.
DOI: 10.1371/journal.pbio.0040069.g004
Figure 5. Common Activation for the Illusory-Rabbit and the Veridical-
Rabbit versus Control Conditions beyond Somatosensory Cortex in the
Whole-Brain Analysis
Regions beyond the somatosensory cortex that displayed activity
increases during both illusory- and veridical-rabbit, relative to control
conditions (whole-brain, random-effects, group analysis). The graph
shows the statistical T-map of the conjunction contrast of illusory-rabbit
versus control data, and veridical-rabbit versus the other (equivalent but
independent) control dataset (p , 0.001 for display). This revealed
activation of the left inferior frontal gyrus (peak at X¼ 48, Y¼38, Z¼2).
The format for the plot in (D) is as for the analogous plot in Figure 2D.
Note that the veridical-rabbit and the illusory-rabbit conditions showed
significantly higher activation than the two control datasets, which were
equivalent, whereas the two rabbit conditions did not differ from each
other.
DOI: 10.1371/journal.pbio.0040069.g005
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Cutaneous Illusion Affects Human SIregions were more active for the veridical than the illusory
rabbit.
Discussion
We employed fMRI at 3T, with improved spatial resolution,
to assess activity in somatosensory cortex during a version of
the classic cutaneous rabbit illusion, as compared with
sequences that actually stimulated the intervening skin site,
and control sequences. Both the veridical-rabbit and the
illusory-rabbit sequences elicited tactile sensations felt to
correspond to the middle location (P2) along the forearm,
which was stimulated in the veridical condition but not in the
illusory condition. Critically, we were able to demonstrate
that both these conditions commonly activated (relative to
control sequences) a region in SI contralateral to the
stimulated arm. Moreover, as conﬁrmed by independent
localizers, this activation fell in the appropriate somatotopic
region for the intervening forearm site (P2) that was actually
stimulated during the veridical-rabbit, but that was unstimu-
lated yet still experienced phenomenally during the illusory-
rabbit conditions (Figures 3 and 4). No other region in
somatosensory cortex was more activated for the two rabbit
conditions than for the control condition, and indeed no
somatosensory region differed between the two rabbit
conditions. Peripheral adaptation or other stimulus-related
effects, although potentially differing between the three
experimental conditions, may thus seem unlikely to explain
in any trivial manner the spatially speciﬁc activations
corresponding to P2 somatotopy as found here. Taken
together, these data suggest that the tactile illusion can affect
human SI in a somatotopically appropriate manner, for the
region that preferentially responds to the bodily location
where the illusion was experienced (i.e., for the intervening
skin site, to which hops of the illusory rabbit were
mislocalized phenomenally, but which was not actually
stimulated in the illusory condition).
There are some precedents for predicting that human SI
might be involved in phenomenal tactile perception, as
indicated here, but none make quite the same point as the
present study. Electrical microstimulation of SI can elicit
vibrotactile frequency discriminations in monkeys, compara-
ble to those observed during physical peripheral stimulation
[12]. Although this work sheds important light on neural
codes for tactile properties [13], it investigated frequency
rather than spatial somatotopic perception, unlike here, and
did so in monkeys rather than humans. Recent human fMRI
studies point to the possible involvement of SI in pathological
tactile percepts (such as persistent touch [14], or phantom
sensations [15,16] after amputation) as we now show here
somatotopically for a normal illusion. A recent magneto-
encephalography study [17] suggested that activity in soma-
totopic cortex might differ during an illusory shift in position
of felt ﬁnger stimulation, but that study employed a cross-
modal (rather than strictly somatosensory) illusion, and could
measure somatotopic activity only via dipole localization/
orientation, rather than with fMRI as here. Perhaps the most
closely related prior study examined a different tactile
mislocalization illusion, in anaesthetized monkeys rather
than awake behaving humans [18]. In the funneling illusion,
tactile mislocalization arises for brief stimuli presented
simultaneously (rather than successively as here) at multiple
locations. The pattern of activity revealed by optical imaging
during anaesthesia in one region of monkey SI did not reﬂect
the physical location of stimulation, but instead appeared
consistent with the location that conscious human observers
would have perceived under similar stimulus conditions [18].
The present study accords with this, but goes beyond it by
directly relating conscious perception to somatotopic activity
within human SI, in the same human participants at the same
time, for the classic cutaneous rabbit illusion.
A computational model of early sensory cortex has been
proposed that can accommodate the cutaneous rabbit
illusion within a relatively simple dynamic neural network
[19]. Our data support its proposal that spatiotemporal
integration of stimuli, and the rabbit illusion in particular,
can affect relatively early somatosensory areas in a dynamic
manner, as for the activation of a somatotopically appro-
priate sector of SI found here (corresponding to P2), when
stimulus sequences are manipulated at a sub-second level
(with only the order of the same stimuli differing for illusory
and control conditions here).
Anatomical terminology for different somatosensory re-
gions has a less than straightforward history [20]. Here we
have used the terms ‘primary somatosensory cortex’ or ‘SI’ in
the conventional, generic sense of referring to somatosensory
regions within the postcentral gyrus. Somatosensory cortex
has been argued to have a hierarchical structure, according to
which BA 3b might be regarded as ‘SI proper’ [20]), receiving
afferent input from peripheral cutaneous receptors [21]. On
the hierarchical view, BA 1 of SI might be the next processing
stage, with more complex receptive ﬁelds that integrate over
larger spatial extents [21,22]. The activation observed here for
both the illusory and the veridical rabbit (see Figure 2) was
tentatively suggested to lie predominantly within BA 1 of SI,
according to a recent computerized probabilistic cytoarchi-
tectonic map for interpreting human neuroimaging data [11].
But whatever its exact cytoarchitectonic attribution, this
activity can be thought of as reﬂecting a processing stage
involved in integrating somatosensory information from a
spatially extended temporal pattern, yet still leading to a
topographic pattern of activity. This would potentially
Figure 6. Activations for the Illusory-Rabbit versus the Veridical-Rabbit
Conditions
Regions beyond the somatosensory cortex that were more active for the
illusory- than veridical-rabbit sequences (whole-brain, random-effects,
group analysis). The graph shows the statistical T-map for the contrast
illusory-rabbit minus veridical-rabbit, projected onto: (A) sagittal and (B)
transversal slices of the Montreal Neurological Institute standard brain (p
,0.001 for display purposes). This contrast revealed activation of the
right dorsal prefrontal cortex (middle frontal gyrus, peak at X ¼ 50, Y ¼
28, Z ¼ 30) and of the right premotor cortex (precentral/inferior frontal
gyrus, peak at X ¼ 48, Y ¼ 0, Z ¼ 34).
DOI: 10.1371/journal.pbio.0040069.g006
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Cutaneous Illusion Affects Human SIcorrespond to layer 3 in the computational model of sensory
dynamics [19].
Whereas the rabbit illusion reliably affected SI here, no
activations speciﬁc to the rabbit reached signiﬁcance for
secondary somatosensory cortex. This nevertheless was
activated by all three experimental conditions of tactile
stimulation, as compared with the intervening passive-rest
baseline (see Figure S1). Those strong activations of secon-
dary somatosensory cortex (SII) that were common to all
three conditions, in the absence of reliable differential
activity, may reﬂect the similar processing demands of our
three stimulation conditions. Alternatively, it is conceivable
that SII (and other areas) might in principle be affected by
the rabbit illusion (as we establish here for SI), but in a
manner not readily detectable with fMRI, perhaps because
larger, more complex, or inter-digitated receptive ﬁelds [23]
precluded any somatotopy from emerging in SII or other
regions when using fMRI with the relatively subtle compar-
isons here.
We did ﬁnd that one higher brain region, left inferior
frontal cortex, was activated in common for the illusory- and
veridical-rabbit conditions, relative to control (see Figure 5).
Tracing studies in monkeys have revealed some anatomical
connections between this prefrontal area and SI [24]. More-
over, electrophysiological studies suggest further connectivity
of these regions via secondary somatosensory and parietal
cortex [25]. Although the functional impact of this prefrontal
area for somatosensory processing remains largely unknown,
activation there has been related to demanding somatosen-
sory attention and working memory tasks in some previous
studies [25–28], and might thus be implicated in similar
aspects here.
Furthermore, two prefrontal areas beyond somatosensory
cortex (precentral/inferior frontal gyrus and middle frontal
gyrus) were activated by the rabbit illusion. Despite the
phenomenologically similar percept, these regions showed
higher blood oxygenation level-dependent activations for the
illusory-rabbit than for the veridical-rabbit conditions,
whereas no areas showed the reverse pattern. Activation of
right prefrontal/premotor cortex has previously been found
during various somatosensory-related cognitive tasks, includ-
ing perceptual decision [29] in monkeys, tactile discrimina-
tion [30,31], crossmodal spatial and temporal integration of
sensory information [32], and other bodily illusions [33]. We
therefore speculate that these areas might be involved in top-
down modulation of early somatosensory integrative process-
ing (possibly via SII or posterior parietal cortex [34,35]). A
recent study investigating a very different tactile illusion,
known as the rubber hand illusion, also reported speciﬁc
activation in these higher-level prefrontal areas [36].
Although previous, purely behavioral studies of the
cutaneous rabbit illusion had led to speculations that it
might involve SI [7], some other behavioral work had
suggested that higher-level factors such as expectation [6] or
crossmodal interactions [37] can sometimes be involved. At
the level of neural populations, our human fMRI data now
reveal that some higher-level prefrontal regions (precentral/
inferior frontal gyrus and middle frontal gyrus) are indeed
affected by the rabbit illusion, but more critically our data
also show that SI is affected, in a somatotopically appropriate
fashion. Just as recent human fMRI studies have shown that
primary visual cortex may play a role in some aspects of
conscious visual perception [1,2], our study indicates that this
principle may also extend to the somatosensory domain.
In conclusion, by using fMRI during phenomenal reports of
tactile perception, we were able to show that human SI is
affected by the cutaneous rabbit illusion, leading to somato-
topic activation of the felt (but not actually stimulated) body
site. The intervening hops of the rabbit that get mislocalized
and ﬁlled-in for conscious phenomenology evidently also get
ﬁlled-in and appropriately re-localized within human SI.
Materials and Methods
Thirteen healthy volunteers without history of neurological or
psychiatric disease participated. Two were excluded as they did not
reliably experience the tactile illusion, and one dataset was discarded
because of technical problems during scanning. Eight of the
remaining ten participants (mean age 24.8 y, range 19–34 y, 100%
dextrality [38]) were naive to the purpose of the experiment. Written
informed consent was obtained from each individual before inves-
tigation, in accord with local ethics clearance.
Prior to scanning, three pairs of surface-adhesive electrodes were
positioned on the inner side of the left forearm of each individual,
starting 3 cm from the wrist, and spaced by two equidistant gaps
(mean ¼ 9.3 6 0.48 cm) in the direction of the elbow, to produce
stimulation positions P1, P2, and P3 on the forearm (see Figure 1). A
constant current neurostimulator (DS7A, Digitimer, Hertfordshire,
United Kingdom) was used to deliver electrical pulses (square wave, 2-
ms duration) to the three sites. Electrode positions were adjusted
individually until the participants did not feel any radiation of the
stimulation away from each electrode. The sensory threshold for each
site (P1¼1.43 6 0.28 mA; P2¼1.24 6 0.22 mA; P3¼1.26 6 0.34 mA)
was determined using the method of limits [39]. During the
experiment, the same constant, supra-threshold stimulus intensity
(mean 4.37 6 1.18 mA) was used for all sites, which did not elicit
discomfort or any indications of muscle fasciculation.
Each participant underwent two practice sessions prior to scan-
ning, one on the day before and one on the day of the main
experiment, to minimize learning and habituation effects during the
experiment. Inside the scanner, the three stimulus conditions
(veridical-rabbit, illusory-rabbit, and control, see Introduction and
Figure 1) were applied in random order, using a custom-built relay
box, controlled by Matlab (The MathWorks, Natick, Massachusetts,
United States) toolbox Cogent (http://www.ﬁl.ion.ucl.ac.uk/co-
gent2000.html), running on a conventional computer. The inter-pulse
interval for all trials and conditions was set to 50 ms, as this interval
was found in pilot work to maximally induce the phenomenal rabbit
illusion of apparent stimulation at position P2 (not physically
stimulated) during P1-P1-P3 sequences (see also [5]). On veridical-
rabbit trials, P1, P2, and P3 were stimulated successively with three
pulses each. On illusory-rabbit trials, six stimulation pulses were
delivered at P1, followed by three stimulation pulses at P3. Both rabbit
conditions induced a similar percept of a pulse train, starting closely
at the wrist and extending over the three electrode positions (Figure
1). Finally, in the control condition, three pulses were administered to
P1, followed by three pulses to P3, and then three pulses to P1. No
rabbit illusion was experienced under these circumstances, as
expected. On each trial during scanning, a sequence of nine pulses
was applied lasting 400 ms for each of the different conditions.
For the task, participants were instructed prior to the experiment
to indicate on each trial by button press whether they felt stimulation
to ‘include the middle electrode,’ or instead stimulation ‘only of the
outer electrodes.’ They would thus be expected to make the former
response on veridical-rabbit trials, and the latter response on control
trials. For the illusory-rabbit trials, to the extent that these induced
similar conscious perceptions as the veridical-rabbit trials, they
should respond as if stimulation included the middle electrode (not
included physically on such trials, but felt there if the rabbit illusion
was induced). All responses and their latencies were acquired using a
custom-built, scanner-compatible button box, recorded by the
software used to deliver stimulation.
The experiment was performed with a 3T head scanner (Allegra,
Siemens, Erlangen, Germany) using a standard head coil. The
participant’s head was immobilized with foam cushions to reduce
movement. Functional images were acquired with a custom,
improved-spatial-resolution sequence (single-shot gradient echo
EPI) written speciﬁcally for this experiment to enhance our ability
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2 mm, ﬂip angle¼908,T E¼30 ms, TR¼2,890 ms, BW¼250 kHz, 50%
spatial gap between adjacent slices) covering the whole cerebrum (34
slices). In addition, a structural T1-weighted image was acquired for
each individual (matrix¼ 256 3 224, 176 slices, voxel size ¼ 1 31 3 1
mm, TR ¼ 7.92 ms, TE ¼ 2.4 ms, TI ¼ 910 ms, BW ¼ 195 Hz/Px, ﬂip
angle ¼ 158). For stimulus presentation in the main experiment, we
used an event-related design where the different conditions were
randomly intermingled, with an inter-trial interval of 4–6 s between
successive nine-pulse sequences of somatosensory stimulation for 400
ms. The hemodynamic response function was sampled every second,
using jitter between the onset of stimulation and of volume
acquisition. In order to minimize contamination of the somatosen-
sory activations by response-related activations, the button press with
either the right index or middle ﬁnger (to indicate whether
stimulation was felt to include the middle electrode or not on the
left forearm) was performed with the hand opposite to the stimulated
left arm, and was delayed by over 1.5 s. Participants were then given a
visual cue (written words ‘Respond now’), indicating the onset of the
response interval. Note also that manual responses were modeled
with a distinct regressor (see below) to partial out [40] any effects on
neural activity in any case.
Three runs were performed for each participant, each run
including 100 trials (260 image volumes) and lasting 12.5 min. In
total, this resulted in data for each individual from 90 veridical-rabbit
trials, 90 illusory-rabbit trials, and 120 control trials, which were
acquired in randomly intermingled orders (see above). We presented
more trials from the control condition, because these trials were then
split in half (alternating control trials allocated to one or the other
control dataset) to provide two independent control conditions with
60 trials each, for conjunction [10] analyses (see below).
In addition, we also performed a separate localizer run (230 image
volumes, lasting 11 min) for each participant, in which we examined
neural activations elicited by blocked stimulation of site P1, or P2, or
P3 (using identical electrode positions as in the main experiment). In
this run, each individual electrode site was repeatedly stimulated in a
block design (inter-pulse-interval ¼ 50 ms, pulse duration ¼ 2 ms,
length of stimulation block¼20 s, alternating with 20-s rest periods),
with randomized order of the P1-, P2-, and P3-stimulation blocks.
Behavioral data were analyzed with paired t-tests using SPSS 11
(SPSS, Chicago, Illinois), and the fMRI analysis used SPM2 (http://
www.ﬁl.ion.ucl.ac.uk/spm). The ﬁrst six images of each series were
discarded from further analyses, to allow for stabilization of T1-
effects. Pre-processing consisted of a slice-wise correction for
acquisition delay to the middle slice, unwarping and realignment of
the images, normalization to the Montreal Neurological Institute
standard brain, plus spatial smoothing of the functional images with a
three-dimensional Gaussian ﬁlter (FWHM 9 mm
3). To assess whether
blurring with such a ﬁlter might have affected our somatotopic
results, we also repeated the same SPM analysis with a smaller
Gaussian smoothing ﬁlter (FWHM 4 mm
3), which led to the same
results in SI (compare brain images in Figures 3 and 4). We also used
this minimal smoothing for the single-participant analyses (see
below). Detrending of the whole dataset was performed with a linear
model of the global signal [41]. Statistical parametric maps were
calculated by multiple regression of the data onto a model of the
hemodynamic response [40]. This model contained regressors for the
onsets of correctly identiﬁed (see below) trials of the veridical-rabbit,
illusory-rabbit, and control conditions, as derived by appropriately
placed delta functions convolved with the canonical hemodynamic
response function in SPM2. The control condition was split
(alternatingly) into two regressors of 20 trials each per run, to
provide independent baselines for the conjunction analysis [10]. In
order to reduce error variance, two regressors separately coded
either the trials with misclassiﬁed responses (see Protocol S1 for post
hoc fMRI analyses of these) or absent responses (together totalling
7% of the veridical-rabbit trials, 10% of the illusory-rabbit trials, and
13% of the control trials), or coded the motor response to all trials.
The data were ﬁltered with a 128-s cut-off, high-pass ﬁlter, and an
AR(1)-model was used to account for serial correlation in the data.
Commonalities and differences between conditions of interest were
determined by random-effects analyses (t-tests) of the ﬁrst-level
contrast images.
The blocked localizer data were analyzed in a separate statistical
model (but in identical anatomical space), containing 3 regressors for
the onsets of the different stimulation sites (P1, P2, or P3), now
derived from continuous series of delta functions (duration of 20 s)
convolved with the canonical HRF. Cortical localizers for each of the
three stimulation sites P1-P2-P3 were then derived (in group analyses)
by random-effects comparisons of the differential contrast images of
each stimulation site versus the mean of the two other sites. In
addition, we used the individual localizer datasets (with reduced
smoothing of 4-mm
3 FWHM kernel) of every single participant to
identify their own somatotopic peaks within right SI. Based on
participant-speciﬁc somatotopic coordinates [P1 (X¼49.4 6 1.8, Y¼
 17.2 6 2.2, Z ¼ 53.8 6 2.8), P2 (X ¼ 37.6 61.5, Y ¼  33.6 6 2.4, Z ¼
62.6 6 1.5), and P3 (X ¼ 28.6 6 2.8, Y ¼  35.4 6 1.5, Z ¼ 67.6 6 1.6)
mean and standard error], we then performed a single-participant
analysis on the separate data of the main experiment (smoothed at
4-mm
3 FWHM) by extracting the parameter estimates for each
condition from a sphere of 2-mm radius, centered on the participant-
speciﬁc somatotopic peaks from the localizers for P1, P2, or P3.
For analyses of activity in brain areas with a priori hypotheses (i.e.,
primary or secondary somatosensory areas), activations are reported
at uncorrected signiﬁcance level (p ,0.001 uncorrected in SPM2),
whereas all whole-brain analyses employed a signiﬁcance level of p
,0.05, corrected for multiple comparisons (family-wise error) across
the brain volume.
Supporting Information
Figure S1. Common Activation for the Stimulation Conditions
Common activation for all stimulation conditions (i.e., illusory-rabbit,
veridical-rabbit and control) in the main experiment relative to
passive-rest baseline (whole-brain random-effects group analysis).
Signiﬁcant activations were observed for each stimulation condition
in right SI, bilateral secondary somatosensory cortex, bilateral
anterior insula, bilateral premotor cortex, and right thalamus (plus
left sensorimotor cortex due to the button-press response).
Found at DOI: 10.1371/journal.pbio.0040069.sg001 (775 KB TIF).
Protocol S1. Post Hoc fMRI Analyses
We performed a supplementary ROI analysis based on those rare
experimental trials where stimulus sequences were not classiﬁed as
expected behaviorally.
Found at DOI: 10.1371/journal.pbio.0040069.sd001 (24 KB DOC).
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